Background: Gliomas with 1p/19q-codeletion as well as mutation of isocitrate dehydrogenase (IDH) 1 are typically characterized as oligodendrogliomas with comparatively good response to treatment with radiation and chemotherapy. Case presentation: We present the case of a 28-year-old man with an IDH1 and TP53 mutant high grade glioma with abnormalities in chromosomes 1 and 19 suggestive of anaplastic oligodendroglioma that rapidly progressed to widespread metastatic disease. Biopsy of a liver lesion confirmed metastasis of the patient's known brain primary and chemotherapy with temozolomide was initiated. The patient's rapidly growing tumor burden with fulminant liver failure and tumor lysis led to multisystem failure of which the patient died. Further molecular testing illustrated features more consistent with glioblastoma: multiple large chromosomal aberrations including loss of whole chromosome 1 and 2q; gain/amplification of MYCN, MET, and CDK4; loss of CDKN2A/B; and an ATRX mutation.
Background
The understanding of molecular features of diffuse gliomas has been revolutionized by the discovery of two distinct molecular markers: complete deletion of both the short arm of chromosome 1 (1p) and the long arm of chromosome 19 (19q) (1p/19q-codeletion) in oligodendroglial tumors, as well as mutations of the isocitrate dehydrogenase (IDH) 1 or 2 genes in oligodendrogliomas and a subset of astrocytic tumors [1] [2] [3] . The clinical relevance of these molecular features in anaplastic oligodendrogliomas was determined in two randomized clinical trials, the Radiation Therapy Oncology Group (RTOG) 9402 and the European Organization for Research and Treatment of Cancer (EORTC) study 26, 951 , with evidence of 1p/19q-co-deletion as determined by fluorescence in-situ hybridization (FISH) analysis. Both studies showed a significant survival benefit when chemotherapy with lomustine, procarbazine, and vincristine (PCV) was added to radiation [1, 4] , whereas there has not been a significant benefit for those without 1p/19q-codeletion. Further analysis of the data illustrated that patients whose tumors harbored an IDH1 mutation in addition to a 1p/19q-codeletion fared better overall compared to patients with co-deletion alone [5] . This molecular alteration is the result of an unbalanced whole-arm translocation between chromosomes 1 and 19 with the loss of the derivative t (1p;19q) early in the pathogenesis of oligodendrogliomas. Although the biological effect of 1p/ 19q-codeletion remains unclear, it is considered the diagnostic molecular signature of oligodendrogliomas.
There are several different methods that have been used to identify patients whose tumors harbor 1p/ 19q-codeletion; however, there is no consensus over which test should be used clinically. Although FISH is the preferred method, there is variation in the chromosomal loci targeted and the definitions and cut-offs used to determine chromosome deletion. FISH is also unable to differentiate between whole chromosome arm deletions and smaller focal deletions. Array comparative genomic hybridization (aCGH) and single nucleotide polymorphism (SNP) array are capable of identifying loss of the whole arm of 1p or 19q with higher reliability but introduce additional interpretative challenges in samples with low tumor purity or high tumor heterogeneity [6] .
Here we present a case of a young man with a high grade IDH1-mutant glioma with abnormalities in chromosomes 1 and 19 who experienced an unusually aggressive disease progression following standard therapy for anaplastic oligodendrogliomas. This case illustrates the clinical impact that variations of otherwise favorable prognostic markers can have on clinical outcome and it highlights current molecular diagnostic challenges in characterizing glial neoplasms.
Case presentation
The patient was a 28-year-old man who presented with a 2-week history of subtle personality changes, expressive aphasia, and severe headaches with nausea and vomiting. Imaging revealed a large mass in the left frontal lobe with significant surrounding vasogenic edema (Fig. 1a) . He underwent gross total resection and pathology was consistent with a high grade neuroepithelial tumor with brisk mitotic activity and necrosis (Fig. 2 , Additional file 1 : Figures S1 and S2 ). The tumor was found to be IDH1 and TP53 mutant by amplicon-based Fig. 1 Axial MRI brain post administration of gadolinium a on initial presentation with a large contrast enhancing lesion and a necrotic core in the left frontal lobe with mass effect. b Images 2 weeks after completion of radiation therapy showing an enhancing lesion involving the paramedian left parietal-occipital lobe extending to the superior surface of the left cerebellar tentorium. c axial and d coronal FDG PET scan with hypermetabolic lytic bony lesions throughout the axial and proximal appendicular skeleton as well as innumerable hyperdensities in the liver concerning for metastatic disease next generation sequencing (NGS) targeting the hotspot regions of 27 cancer associated genes (not including ATRX), and had monosomy 1 and 19q loss by single nucleotide polymorphism (SNP) array (Figs. 2 and 3) . A diagnosis of anaplastic oligodendroglioma was favored based on histologic appearance of the majority of the tissue with features suggestive of an oligodendroglioma in addition to preserved ATRX immunoreactivity, and atypical alterations in chromosomes 1 and 19. Treatment options were discussed including participation in the CODEL trial (NCT00887146), but ultimately started standard of care treatment with radiation therapy with plan for adjuvant procarbazine, lomustine, and vincristine (PCV) chemotherapy following radiation. Unfortunately, after resection and prior to starting radiation he developed somnolence, an intense headache, and diplopia. MRI of the brain revealed evidence of tumor regrowth in the original location and signs of impending herniation. He was started on dexamethasone and underwent emergent surgical decompression with tumor debulking. Pathology was again consistent with a high-grade IDH1-mutant glioma. His symptoms improved and he received intensity-modulated radiation therapy (IMRT) with a cumulative dose of 5940 cGy over 33 fractions. MGMT promoter methylation was tested upon recurrence and was found to be present.
Approximately two weeks after completing IMRT he experienced two focal seizures with secondary generalization resulting in right hemiparesis. Repeat MRI of the brain showed evidence of disease progression with interval development of a new enhancing lesion outside the radiation field involving the paramedian left parietal-occipital lobe extending to the superior surface of the left cerebellar tentorium (Fig. 1b) . Due to newly reported low back pain, he underwent MRI of the spine which demonstrated extensive bony metastases. A whole-body 18 Fluorodeoxyglucose (FDG) PET-CT scan was obtained and revealed innumerable hypermetabolic lesions throughout the patient's body including lytic lesions virtually involving his entire skeleton and innumerable lesions in the liver, right lung, and left kidney. His clinical condition rapidly deteriorated and developed a clinical picture consistent with tumor lysis syndrome. Lactate dehydrogenase was elevated on admission at 5206 U/L (normal range 118-273 U/L) and increased to a peak level of 15,080 U/L. He became hyperuricemic (peak of 12.7 mg/dL; normal range 3.5-7.2 mg/dL) and hypophosphatemic (1.1 mg/dL; normal range 2.7-4.5 mg/dL) with evidence of acute kidney injury (creatinine from 0.6 mg/dL on admission to a peak of 1.9 mg/dL). Rasburicase was administered to treat his . Subsequent SNP array analysis demonstrated loss of whole arm 17p (TP53 is located at 17p13.1) in the vast majority of the sample; therefore, the TP53 VAF can be used to approximate tumor purity. The IDH1 mutation, on the other hand, appears to be present in only a fraction of tumor cells, while IDH1 wild type cells comprise the remainder of the tumor with apparent loss of the mutant IDH1 allele (IDH1 is located at 2q34). Matched normal (tissue or peripheral blood) was not available for comparison
In addition to tumor lysis, the patient rapidly became thrombocytopenic (179 K/cu mm on admission to a nadir of 35 K/cu mm by day seven) and anemic (14.5 g/dL to a nadir of 5.8 g/dL), likely due to bone marrow infiltration of his cancer. Different chemotherapy regimens were considered and the choice was for temozolomide, as it is typically effective in diffuse gliomas and is able to cross the blood-brain barrier with even higher concentrations systemically. Five doses were planned (150 mg/m 2 ) but the patient was only able to receive two administrations.
Unfortunately, the patient's condition continued to deteriorate. He developed worsening renal failure, hypotension, and acute respiratory failure. He was intubated and mechanically ventilated, requiring vasopressor support. The patient developed cardiac arrest, was resuscitated and eventually transitioned to comfort measures. He was terminally extubated and passed away. An autopsy was declined.
Further analysis of the patient's tumor tissue using a targeted, capture-based next generation sequencing panel covering the full coding regions of 644 cancer associated genes showed the presence of a number of additional genetic alterations (Table 1) , including an ATRX missense mutation, and amplification of MYCN, MET, and CDK4. There were no mutations in CIC or FUBP1. Other chromosomal variations, including gain of 7p and loss of 2q, 10p, 11p, 21q, and whole chromosomes 12 and 14 were also noted (Additional file 1: Table and Figure S3 ).
Discussion and conclusions
The development of extracranial metastasis from primary gliomas is rare (up to 2.7% at one institution) [7] [8] [9] [10] [11] [12] and typically occurs late in the course of the disease after a median of 2 years. The average patient age associated with glioblastoma-related metastasis has been demonstrated to be around 40 years [13] . The most common metastatic sites include the pleura/lung (60%), lymph nodes (51%), bone (31%), and liver (22%). Concerning bone metastasis, Pasquier et al., reported that the vertebral spine (73%) was the most frequent site of involvement, followed by the ribs (23%) and sternum (18%) [14] . To date, clinicopathological factors that would predict a greater likelihood of metastasis have not been identified; however, there appears to be no significant difference in median survival between GBM patients with and without metastatic disease [3] . Few molecular analyses of metastatic lesions have been previously attempted [3, 15, 16] , but all have been limited in scope. Further studies with larger sample sizes are needed to elucidate the molecular mechanisms underlying metastatic potential. The identification of such biomarkers may prompt earlier screening for systemic disease in high grade glioma patients.
Despite being IDH1-mutated and MGMT promoter methylated, both of which have been correlated with favorable outcome in malignant gliomas, this was an unusually aggressive clinical course for an IDH-mutated tumor with whole arm 1p and 19q abnormalities. For patients with prototypical 1p/19q-codeleted IDH-mutant tumors, overall survival has been shown to be significantly prolonged by combined PCV and radiation therapy compared to radiation therapy alone (14.7 versus 6.8 years, HR 0.49, 95% CI 0.28-0.85) [17, 18] . Temozolomide is also viewed as a reasonable option for 1p/ 19q-codeleted tumors. It has better patient tolerance compared to the short-term toxicity of PCV and has been shown to improve survival in other types of malignant gliomas. Additionally, both PCV and temozolomide have demonstrated activity in patients who have failed CDS coding DNA sequence, AA change amino acid change, VAF variant allele frequency, REF reference allele frequency, Avg cov average depth of coverage across all gene-specific exonic targets. Some of the variants with an allele frequency around 50% may be germline; however, the high tumor cellularity (> 90%) of the specimen precludes the distinction of germline from somatic alterations based on %VAF alone *dnSNP v150 and COSMIC database v82 an initial chemotherapy regimen although response rates are lower and the duration of disease control is generally shorter compared to treatment at first diagnosis [19] . MGMT promoter methylation is also independently predictive of therapeutic benefit from combined PCV and radiation with a significantly longer median overall survival (8.65 years) compared to radiation therapy alone (1.98 years) in patients with MGMT methylated tumors [20] .
Review of extended molecular analyses from this case illustrates several atypical features that exemplify some of the ongoing diagnostic challenges that arise when attempting to integrate molecular testing results into clinical treatment paradigms. Foremost, the chromosome 1 and 19 alterations are not typical of those seen in oligodendrogliomas. Instead of a deletion involving only the short arm of chromosome 1, both the short and long arms were deleted in a subset of cells, indicating the presence of monosomy 1. 1p/19q-codeletion represents an unbalanced centromeric whole-arm chromosomal translocation (with the loss of the derivative chromosome) t (1;19) (q10;p10) in which both the entire 1p and 19q arm are lost. The lack of equivalent allelic imbalances in 1p and 19q in this case favors the absence of a 1p and 19q chromosomal translocation. Vogazianou et al. followed strict guidelines when determining patterns of copy number alterations involving chromosomes 1 and 19. 1p/19q-codeletion was only called in the presence of concurrent total 1p loss and total 19q loss and pericentromeric regions of 1q and 19p showed no signs of deletion (e.g. monosomy 1 or 19 were not included). Following these rules, monosomy 1 was detected in only 2 of the 363 astrocytic and oligodendroglial tumors analyzed and were categorized as either anaplastic astrocytoma or glioblastoma [21] . Other notable chromosomal alterations in this case include gain of 7p (without high level amplification of EGFR) and del(9p21), which are frequently encountered in glioblastomas [6] . Molecular reclassification of this case as a secondary glioblastoma was considered. Rare fragments of adjacent IDH1-mutated lower grade glioma (Additional file 1: Figure S1 , and Additional file 1: Figure S2a) were identified in the resection specimens. Furthermore, the presence of concurrent IDH and TP53 mutations are now considered molecular hallmark features of diffuse and anaplastic astrocytomas (WHO grades II and III), as well as clinicopathologically defined secondary glioblastoma [22] .
Also characteristic of diffuse adult IDH-mutant astrocytic tumors are truncating ATRX mutations with loss of nuclear ATRX expression by immunohistochemistry. In this case, however, ATRX immunoexpression was retained and the ATRX mutation was not definitively deleterious, despite being located in an evolutionarily highly conserved functional domain of the gene (Snf2 ATPase) and classified as probably damaging/disease causing by three in silico prediction callers (PolyPhen-2, MutationTaster, SIFT/PROVEAN). A closer a look at the literature reveals that somatic ATRX missense mutations are detected in a subset of adult gliomas [23] [24] [25] . Interpretation of ATRX staining is especially problematic in these cases, since tumors with missense mutations that result in loss of protein function will continue to show protein expression and nuclear localization. Similarly, not all insertions/deletions or nonsense will show loss of nuclear ATRX expression [25] . Further complicating diagnostic interpretation are the lack of standard criteria for what constitutes loss of ATRX expression, which is often used as a surrogate marker for ATRX mutations in gliomas, and the presence of intratumoral heterogeneity [26] .
Some histologic and molecular features in this case were reminiscent of glioblastoma with primitive neuronal component, although not entirely typical. Glioblastoma with primitive neuronal component is a newly recognized pattern in the WHO 2016 classification that includes otherwise classical high-grade diffuse gliomas with one or more foci of sharply demarcated primitive nodules showing neuronal differentiation. Similar to the primitive neuronal cells that make up CNS embryonal neoplasms, these foci show immunoreactivity for synaptophysin, loss of GFAP expression, and a high Ki-67 proliferation index, which were also noted in our case. Two particularly distinctive features of this pattern are its high rate of CSF dissemination and frequent MYCN or MYC gene amplification (17 of 40 cases, 43%), often in the setting of histologic anaplasia, as seen in medulloblastomas with large cell/anaplastic features [22, 27, 28] . A subset of cases may also demonstrate features of secondary glioblastoma, including IDH1(R132H)-mutant protein expression. The vast majority of the tumor in the present case was composed of sheets of cells with rounded cytoplasmic contours without a pattern, variable amounts of eosinophilic cytoplasm with eccentrically-placed large nuclei, and variably prominent nucleoli (Additional file 1: Figure S2 ). Areas with nodular architecture and a relatively sharp transitional interface between low-and high-grade glial components were also noted in one fragment (Additional file 1: Figure S2A ). Another entity on the histologic differential that can be excluded based on available molecular data is epithelioid glioblastoma (IDH--wildtype, and BRAF V600E mutant in 50% of cases, with a subset of BRAF V600E negative cases are characterized by PDGFRA amplification) [29] . Previous editions of the WHO classification of tumors of the central nervous system included the diagnosis of oligoastrocytoma; its use is now discouraged unless molecular testing cannot be performed or when results are inconclusive in a neoplasm composed of two distinct cell types resembling astrocytic and oligodendroglial cell lines and was therefore considered but not used in this case [2] .
Despite improved overall outcomes compared to IDH-wildtype gliomas, many WHO grade II-III IDH1-mutant gliomas eventually progress to more aggressive GBMs. Small cohort studies, however, have provided some insight into the mechanisms behind IDH1-mutant glioma progression [30] [31] [32] [33] . Recently, Bai et al. compared mutation, copy number, gene expression, and DNA methylation data of 41 IDH1-mutant grade II and III gliomas (including oligodendrogliomas and astrocytomas) obtained at their initial diagnosis to their progressed counterparts and found that amplification of the MYC locus (22% of patients) on chromosome 8q was significantly associated with progression as were alterations in the individual MYC signaling components FBXW7 and MAX and the MYC-related FOXM1 locus on 12p. Of note, deletion of the CDKN2A-CDKN2B tumor suppressor locus was the most frequent copy number alteration detected in the cohort, occurring in 44% of all tumors analyzed [30] . Neither amplification of MYC nor deletion of CDKN2A-CDKN2B were shown to be enriched in either of the oligodendroglial or astrocytic subtypes. Another recent study of paired primary and recurrent IDH-mutant gliomas reported allelic imbalances of the IDH-mutant allele upon recurrence in some cases [31] . Cells with IDH1 copy number alterations (deletion or amplification of the mutant or wild-type allele) were also shown to occupy a substantial portion of the recurrent tumor in these cases, suggesting a growth advantage, as well as have hypomethylation of non-CpG island CpG sites. A similar case reported by Favero et al. details malignant progression of an IDH1-mutant glioma through whole-genome doubling, evolution of a double-minute chromosome containing PDGFRA, KIT, CDK4, AVIL, and miR-26a-2 (regulator of PTEN), and loss of the mutated IDH1 allele with retention of the wild-type allele [34] . Our case also shows subclonal loss of the IDH1-mutant allele, suggesting that acquisition of additional driver events, such as MYCN amplification, have occurred to uphold the tumor cell population [35, 36] .
The extensive subclonality of chromosomal aberrations in this case, as evidenced by the variable LOH shifts in B allele frequencies on SNP array (Additional file 1: Figure S3 ), is not surprising given current data on intratumoral genotypic and phenotypic heterogeneity in glioblastomas [36] [37] [38] [39] . Not only are copy number alterations variably present, but some putative driver aberrations, such as gain/ amplification of PDGFRA, are also known to be consistently heterogenous within the same tumor [39] . Furthermore, there is accumulating evidence suggesting that intratumoral heterogeneity, including branched tumor evolution involving genetically distinct subclones and/or multiple cancer stem cell populations, is the main confounding factor behind tumor recurrence, progression, and treatment failure by current modalities [30, 31, 34, 36] . Of particular interest are non-lineage specific alterations implicated as drivers of higher grade and progressive IDH-mutant diffuse gliomas and associated with shorter progression-free survival [32] . Regardless of whether these transformative alterations are present in the initial tumor sampled or subsequently discovered in the progressive tumor specimen, their presence is important to recognize as it provides an opportunity for the use of novel targeted therapies and combinations thereof [33, 36] .
Amplification of MYCN, as seen in this case, has been previously reported in a subset of glioblastomas and IDH-mutant gliomas by multiple groups [27, 33, [39] [40] [41] [42] [43] [44] [45] . Upon retrospective univariate analysis of 211 IDH-mutated astrocytomas, Shirahata et al. found MYCN amplification (n = 12, P = 0.001) and homozygous deletion of CDKN2A/B (n = 38, P = 0.0001) to be strongly associated with worse overall survival [44] . In contrast, analysis by Perry et al. of malignant gliomas with primitive neuronal components (MG-PNET), which are enriched for MYCN amplifications, showed no difference in overall survival between MG-PNETs and conventional glioblastoma [27] . However, their analysis did not stratify cases by the presence or absence of MYCN amplification. Amplification of MYCN is also associated with poor prognosis in medulloblastomas [4, 46] , and strongly predicts a poorer prognosis in both time to tumor progression and overall survival in all stages of neuroblastoma [47, 48] . High grade diffuse midline gliomas, H3-K27 M mutant, are also particularly enriched for MYCN, MET, and CDK4 amplifications and usually characterized by poor clinical outcome [49] [50] [51] [52] .
Our own analysis of the TCGA Merged Cohort of LGG and GBM dataset [45, 53] revealed MYCN amplification in 18 of 794 (2%) sequenced cases/patients with copy number data. The average age at diagnosis was 51 years (median 48 years, range 25 to 75 years). Of those with available survival data (n = 14), 6 were deceased with a median survival of 30 months (versus 34.9 months among those without MYCN amplification). IDH1 mutations were present in 39% (7 of 18) of MYCN amplified glioma cases and TP53 mutations in 67% (12 of 18). Concurrent amplifications were also present in EGFR (n = 5, all IDH-wildtype) and PDGFRA (n = 5, two of which also had EGFR amplification). All MYCN amplified cases were 1p/19q-non-codeleted and showed no gain of chromosome 19 or 20. Additional analysis of the GENIE Cohort v4.0 (http://www.cbioportal.org/genie, last accessed Aug 7, 2018, The AACR Project GENIE Consortium), similarly demonstrated MYCN amplifications in 1.59% (33 of 2079) of profiled patients classified as glioblastoma, glioblastoma multiforme, anaplastic astrocytoma, astrocytoma, oligodendroglioma, anaplastic oligodendroglioma, high-grade glioma NOS, low-grade glioma NOS, diffuse glioma, anaplastic oligoastrocytoma, oligoastrocytoma, gliosarcoma, small cell glioblastoma, glioma NOS, or diffuse astrocytoma [54] . IDH1/2 mutations were present in 45% (15 of 33) of cases. The most frequent co-amplification involved EGFR in 27% of cases (9 of 33, two of which also had concurrent IDH1 mutations), followed by PDGFRA in 24% (8 of 33, two of which also had EGFR amplification). Excluding two pediatric cases (< 18 years), the average age at which sequencing was reported was 51 years (median 54 years, range 24 to 78 years).
Unfortunately, the development of inhibitors targeting MYC/MYCN proteins, which are composed of two extended alpha-helices with no obvious surfaces for small molecular binding, has been challenging. Alternative strategies that circumvent blocking MYCN directly include: blocking MYCN-dependent transcription with BET-bromodomain inhibitors; inhibiting histone deacetylases and EZH2 (which repress transcription of tumor suppressor genes); antagonizing proteins involved in stabilizing MYCN protein (e.G. aurora kinase A); suppressing MDM2 (which stabilizes MYCN mRNA and disrupts p53-mediated apoptosis); and inducing differentiation as a means to suppress proliferation and promote apoptosis [55, 56] . These strategies, although promising in preclinical models, are still under evaluation in ongoing clinical trials.
This case highlights some of the existing challenges in neuro-oncology and the importance of molecular diagnostic interpretation standards for diffuse gliomas. First, although there is growing knowledge regarding the importance of 1p/19q-codeletion and IDH1 mutations in the clinical care of patients with oligodendrogliomas, we still have limited understanding of how to address cases with less common aberrations involving discordant clonal populations with 1p and/or 19q deletion and deletions involving both arms of either chromosome 1 or 19. Second, the diagnostic use of immunohistochemical surrogates for lineage specific molecular genetic alterations in gliomas is not as straight forward as one might think, especially considering the lack of strict phenotype-genotype relationships for a variety of underlying genetic alterations. Therefore, standard criteria are also needed for immunohistochemical interpretation of diagnostic markers given the potential impact "mis-interpretation" may have on therapeutic decision-making and outcome assessment. Lastly, current molecular testing guidelines for gliomas by the National Comprehensive Cancer Network® (NCCN®) are limited to 1p/19q-codeletion or loss of heterozygosity (LOH), IDH1/2 mutations, and MGMT promoter methylation [57] . This case highlights that there may be benefits to additional extended molecular testing beyond these standard validated molecular biomarkers, particularly for patients with high risk features, unresectable disease, or tumor recurrence despite standard-of-care treatment. While the NCCN encourages any cancer patient to participate in clinical trials, these trials are often based on the presence or absence of specific genetic targets for which clinical testing has not been uniformly established. Potentially informative genetic markers, such as MYCN amplification, have not yet gained prognostic relevance in clinical trials, likely due to their relatively infrequent occurrence and/or lack of effective pharmacologic actionability.
As deep molecular genetic characterization becomes more widely available, it is important to take stock of clinically and molecularly challenging cases. Making their data available in the literature and dedicated databases will hopefully lead to further research and the development of more personalized therapies for patients with very rare, molecularly unique tumors.
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